The DNA-dependent RNA polymerase present in the mitochondria of Saccharomyces cerevisiae has been solubilized using a 0.5 M KCI solution, and the soluble enzyme has been purified. Two forms of mitochondrial enzyme were obtained; they differ in their template specificity and metal-ion dependency. The mitochondrial RNA polymerase also differs from enzyme obtained from the nucleus with respect to antibiotic sensitivity and template specificity. Only the nuclear enzyme is sensitive to a-amanitin inhibition. It is becoming increasingly evident that mitochondria possess a considerable degree of autonomy in their biogenesis (1, 2). That mitochondria can also synthesize their own RNA has been demonstrated in several organisms (3-7). Saccone et al. (8) established that this synthesis is catalyzed by a DNAdependent RNA polymerase localized in the mitochondria and cannot be attributed to contamination by the nuclear enzyme. In this regard, it would be interesting to establish whether the mitochondrial DNA-dependent RNA polymerase differs in chemical and physical properties from the nuclear enzyme. Shmerling (9) demonstrated that rat-liver mitochondrial RNA synthesis differs from nuclear RNA synthesis with respect to rifamycin sensitivity. However, work in our laboratory (10), and studies by Wintersberger and Wintersberger (11), and by Herzfeld (12) were not able to reproduce these results with mitochondria from yeast and Neurospora, respectively. These experiments were performed using intact mitochondria or mitochondrial fragments. In order to make a more careful comparison between the mitochondrial and nuclear DNA-dependent RNA polymerases, it is necessary to isolate and purify these enzymes to a reasonable degree.
It is becoming increasingly evident that mitochondria possess a considerable degree of autonomy in their biogenesis (1, 2) . That mitochondria can also synthesize their own RNA has been demonstrated in several organisms (3-7). Saccone et al. (8) established that this synthesis is catalyzed by a DNAdependent RNA polymerase localized in the mitochondria and cannot be attributed to contamination by the nuclear enzyme. In this regard, it would be interesting to establish whether the mitochondrial DNA-dependent RNA polymerase differs in chemical and physical properties from the nuclear enzyme. Shmerling (9) demonstrated that rat-liver mitochondrial RNA synthesis differs from nuclear RNA synthesis with respect to rifamycin sensitivity. However, work in our laboratory (10) , and studies by Wintersberger and Wintersberger (11) , and by Herzfeld (12) were not able to reproduce these results with mitochondria from yeast and Neurospora, respectively. These experiments were performed using intact mitochondria or mitochondrial fragments. In order to make a more careful comparison between the mitochondrial and nuclear DNA-dependent RNA polymerases, it is necessary to isolate and purify these enzymes to a reasonable degree.
Tewari and Wildman (13) studied tobacco-chloroplast RNA polymerase, and found it was associated with the chloroplast membrane. They were unable to solubilize this enzyme. Wintersberger and Wintersberger (11) also reported that polymerase was tightly bound to the membrane and that severe disruption of membrane causes loss of enzyme activity. Saccone and Gadaleta (14) have recently reported solubilization of the rat-liver mitochondrial enzyme using the detergent, deoxycholate. 473 We have used 0.5 M KCI to solubilize the enzyme from yeast mitochondrial membrane. After DNase treatment, ammonium sulfate fractionation, and DEAE-Sephadex column chromatography, the enzyme was purified 3400-to 4200-fold. The enzyme purified in this way differs from the whole-cell preparation in its insensitivity to a-amanitin and its template specificity.
Nagley and Linnane (15) , and Goldring et al. (16) have obtained cytoplasmic petite mutants, by treating yeast with ethidium bromide, that do not have a detectable amount of mitochondrial DNA. We have also prepared a petite mutant lacking detectable mitochondrial DNA by treating yeast with acriflavin. We compared this petite with one in which mitochondrial DNA is still present and only slightly altered in base composition. The petite mutant in which mitochondrial DNA is undetectable also has greatly diminished or negligible DNAdependent RNA polymerase activity in isolated mitochondria, while normal amounts are present in the petite with slightly altered DNA. Wintersberger has reported limited RNA polymerase activity in mitochondria from a petite yeast (17) .
We present evidence to exclude the possibility that the enzyme activity is due to contamination with bacterial or nuclear enzymes.
MATERIALS AND METHODS Organism and cultivation
Wild-type Saccharomyces cerevisiae S228C (a gal 2, mial, mel) was obtained from Dr. R. Snow, Univ. California, Davis. Petite D243-2B-13 and D243-2B-R1-6 were donated by Dr. P. P. Slonimski from CNRS, France, and the acriflavin-induced petite (no detectable DNA) was derived from S228C.
Cells were grown in 1% peptone, 1% yeast extract, and 1% glucose at 28-30°C and were harvested in late log phase except where other specifically stated conditions are given.
Preparation of mitochondria
Wild-type mitochondria were prepared by the method of Criddle and Schatz (18) and petite mitochondria were prepared according to the method of Tuppy et al. (19) .
Solubilization and purification of DNA-dependent RNA polymerase
All the following steps were performed at 0°C. 3-5 g (wet weight) of mitochondria in 20 (10, 11) . Streptovaricin, which has been shown to act as a bacterial RNA polymerase inhibitor (25) , has only a slight inhibitory effect on both nuclear and mitochondrial enzymes. In this respect, mitochondrial enzyme differs from the E. coli enzyme. a-Amanitin has been shown to act as a yeast nuclear RNA polymerase inhibitor (25) . Table 3 also shows that a-amanitin inhibits the mitochondrial enzyme only 8-10%, in contrast to 92% inhibition of the nuclear enzyme. The differential sensitivity of nuclear and mitochondrial polymerase activities to a-amanitin allows ready determination of mitochondrial enzyme activity under various conditions. In such an experiment, isolated mitochondria from the acriflavin-induced petite mutant, which has no detectable mitochondrial DNA, showed drastically diminished enzyme activity, whereas the petite mutant D243-2B-13, which contains mitochondrial DNA, showed no change in enzyme activity relative to wild-type ( Table 3 ).
In each experiment, 0.002 A2so units of mitochondria was added.
Vol. 68, 19 ,71 activity reputec here. for the acriflavin petite is comparable to the RNA polymerase activity reported by Wintersberger in his petite yeast strain (17) . Table 5 shows that yeast wholecell RNA polymerase has different a-amanitin sensitivity in different growth stages. In extracts of cells harvested in midlog phase the activity is 92% inhibited, but in those cells harvested after mitochondrial activity is increased (i.e., latelog phase) inhibition decreases to 77%. Fig. 3 shows kinetic data for the time course of transcription with nuclear and mitochondrial Peak III enzymes with DNA from different sources as templates. Since there is some RNase activity associated with Peak I, we did not use this enzyme in this set of experiments. The data in Fig. 3 confirm the results shown in Table 3 , i.e., both nuclear and Peak III mitochondrial RNA polymerase prefer denatured calf-thymus DNA as a template. Comparison of activities with different DNA templates will be discussed below. DISCUSSION Mitochondrial DNA-dependent RNA polymerase is tightly bound to the mitochondrial membrane (11, 14) . We have succeeded in solubilizing this enzyme by treatment with 0.5 M KCl (Fig. 1) . Several other solubilization methods, e.g., Tween 80, Triton X-100, Lubrol, acetone powder, and NaClO4 treatment were tried, but these reagents either failed to solubilize or denatured the enzyme. In contrast to the mitochondrial enzyme, the nuclear enzyme is readily solubilized (21) .
The enzyme activity we observe in yeast mitochondria is not due to bacterial contamination as indicated by the insensitivity of RNA-synthesizing activity to rifampin or streptovaricin, both of which are inhibitors of bacterial RNA polymerase (25, 27) . The mitochondrial DNA-dependent RNA polymerase is different from the nuclear enzyme in the following respects. First, the sensitivity to a-amanitin is different; nuclear enzyme is 92% inhibited at 40 ,gg/ml concentration, but the mitochondrial enzyme preparations are only about 8-10% inhibited at the same concentration. Whole-cell preparations were also treated with 0.5 M KCl and nuclear enzyme was isolated as described in Methods for the preparation of mitochondrial enzyme. The enzyme prepared in this fashion retained its sensitivity to a-amanitin, thus ruling out the possibility that differential sensitivity of the two enzymes results from KCl treatment. These results now make it possible to study mitochondrial transcription by selectively inhibiting the nuclear transcription system with a-amanitin and thus provide a convenient approach for studying the function of mitochondrial DNA. Second, the template specificity of these two enzymes is different ( . Fig. 4 , therefore, compares the activity ratio of the mitochondrial enzyme to the nuclear enzyme when different DNA templates are used. This figure shows: (1) all of the DNA preparations can be classified into two groups based on their relative template activity with the two polymerases; one includes yeast nuclear DNA, calf-thymus DNA, and denatured calf-thymus DNA; the other includes mitochondrial DNA and bacterial DNA. The nuclear and mitochondrial enzymes behave differently with these two groups of DNA. (2) Compared to the nuclear enzyme, the mitochondrial enzyme transcribes both mitochondrial and bacterial DNA more efficiently. (3) Conversely, the nuclear enzyme uses nuclear and calf-thymus DNA better than does the mitochondrial enzyme. (4) Petitemutant mitochondrial DNA behaves differently from either wild-type mitochondrial DNA or nuclear DNA. The transcriptional properties of this mutant DNA lie between those of nuclear DNA and wild-type mitochondrial DNA. (5) The early high ratios observed in Fig. 4 also indicate that chain initiation may be more efficient with the mitochondrial polymerase, particularly when bacterial or mitochondrial DNAs serve as templates.
The possibility that RNA synthetic activity measured in these experiments and attributed to mitochondrial enzyme is actually due to nuclear enzyme contamination can be ruled out by the following arguments. First, in experiments with the petite mutants cited in Table 5 , in which the mutant showed diminished or undetectable mitochondrial DNA, the mitochondrial polymerase activity was also reduced or essentially absent. This close correlation argues against nuclear contamination. Second, a-amanitin inhibits the nuclear enzyme 92% but inhibits the mitochondrial enzyme only about 8-10%. This disparate sensitivit-yiiitoi-^ia-biem 7- in the results shown in Table 5 . In mid-log phase, before mitochondria appear, the whole-yeast-cell RNA polymerase is 92% inhibited by a-amanitin. However, with the enzyme from late-log-phase yeast, after mitochondria have increased, the a-amanitin sensitivity drops to 77%. This result strongly suggests the appearance of a distinct enzyme concurrent with the appearance of mitochondria, and this enzyme is insensitive or less sensitive to a-amanitin, as would be expected based on the basis of the in vitro experiments.
